INTRODUCTION {#sec1-1}
============

Type 2 diabetes (T2D) is considered a multifactorial disease.\[[@ref1]\] Recently, there increasing evidence to support the hypothesis that a considerable inflammatory component can be as result of T2D and its development toward cardiovascular diseases. There is correlation with abnormal metabolism of fatty acids.\[[@ref2]\] Considering the broad roles that fatty acids have in various cellular functions, from membrane fluidity to gene expression regulation and cell signaling, there may be an effective role in the prevention or progression of these diseases.\[[@ref3][@ref4]\]

Delta-5- (D5D) and delta-6-desaturases (D6D) are two key enzymes regarded as the rate-limiting enzymes in the pathway of long-chain polyunsaturated fatty acids (LC-PUFA) biosynthesis \[[Figure 1](#F1){ref-type="fig"}\]. D5D and D6D are encoded by Fatty acid desaturase1 (FADS1) and fatty acid desaturase 2 (FADS2) genes, respectively. These gene clusters are located on the chromosom11 (11q12-13.1) with a head-to-head direction.\[[@ref5]\]

![Pathways of LC-PUFA synthesis from omega-6 and omega-3 essential PUFAs. ALA = α-Linoleic acid; AA = arachidonic acid; DGLA = dihomo-gamma-linoleic acid; DHA = docosahexaenoic acid; EPA = eicosapentaenoic acid; GLA = gamma-linoleic acid; LA = linoleic acid; SA = stearidonic acid; LC-PUFA = Long-chain polyunsaturated fatty acids](JRMS-23-47-g001){#F1}

Recently, several studies have demonstrated strong relationships between single-nucleotide polymorphisms (SNPs) in FADS1 and FADS2 genes with alteration in the activity of D5D and D6D enzymes which lead to changes in the profile of endogenous fatty acids. This may play an important role in the pathogenesis of diabetes and predispose a person to heart attacks.\[[@ref6][@ref7]\]

In this study, we aim to investigate the associations between rs174583 polymorphism of FADS2 gene with T2D risk in an Iranian population. We also investigated if this polymorphism had any effect on erythrocytes fatty acid composition, activities of D5D and D6D enzymes, and other metabolic risk factors in this population of non-T2D and T2D patients.

MATERIALS AND METHODS {#sec1-2}
=====================

Study population {#sec2-1}
----------------

In this case--control study, two groups of men between 40 and 60 years of age were recruited from health centers associated to Isfahan University of Medical Sciences: The study subjects consisted of, the patients group, 95 men with T2D and fasting plasma glucose (FPG) ≥126 mg/dl, and the control group, 95 healthy men with no history of diabetes and no other chronic and acute illnesses, FPG \<100 mg/dl and triglycerides (TG) \<200 mg/dl who were checked regularly at health centers. All participants entered the study voluntarily after giving written informed consent and filling out a clinical questionnaire. Participants were excluded from the study if they were receiving insulin or were smoking. Participants were questioned on the usage of fish oil supplements, and those who were taking fish oil supplements were excluded from the study. Likewise, patients with any unusual or special diet were excluded from the study.

Collection and preparation of blood samples {#sec2-2}
-------------------------------------------

Venous blood samples were obtained after at least 10--12 h overnight fasting from participating individuals by venipuncture and collected into two ethylenediaminetetraacetic acid (EDTA) tubes. One of the blood tubes was immediately frozen at −80°C for DNA extraction and molecular studies. The second tube was centrifuged at 2000 rpm for 10 min at room temperature, and plasma was removed and used for the biochemical assays.

After removal of the plasma, the remaining content of the tube which contains white blood cells, platelets, and red blood cells (RBCs) were washed three times with an equal volume of isotonic saline (9%) to remove the residual plasma and buffy coat. The final pellet was centrifuged at 2000 rpm for 5 min and the washed packed RBCs (hematocrit = 98%) was added in aliquots of 1 ml to a microtube containing 0.1 mg butylated hydroxytoluene (BHT), as an anti-oxidant, and were immediately stored at −80°C, until the analysis of fatty acid profile.

Biochemical assays {#sec2-3}
------------------

FPG, TG, high-density lipoprotein cholesterol (HDL-C) were assayed by enzymatic methods using commercial kits (Pars Azmun, Iran) using a BT4500 Autoanalyzer (biotecinca, Italy). Low-density lipoprotein cholesterol (LDL-C) was estimated using the Friedwald formula for specimens with plasma TG levels \<400 mg/dl. For specimens with TG levels \>400 mg/dl, LDL-C level was measured using a commercial enzymatic assay. Fasting plasma insulin was measured by immunoenzymometric assay using Monobind kit (USA). Insulin resistance index (IR) was computed with the homeostatic model assessment (HOMA) using the following formula: IR= (fasting insulin \[μIU/ml\] × fasting glucose \[mmol/l\])/22.5.\[[@ref8]\]

Analysis of fatty acids composition in erythrocyte {#sec2-4}
--------------------------------------------------

In this study, fatty acids of RBCs were extracted and methylated using a one-step procedure according to Raquel *et al*. with modification.\[[@ref9]\] Briefly, 150 μL of RBCs sample was added to a screw-cap glass vial containing 25 μg of internal standard heptadecanoic acid (C17:0) and 100 μg of BHT and mixed with 1 ml of methanolic NaOH solution (1N). Saponification was performed at 85°C for 10 min. Transmethylation was then performed by adding 2 ml H~2~SO~4~ (1N) in methanol, flushing with N~2~ and heating at 85°C for 40 min. After cooling, 0.5 ml of saturated solution of NaCl and 1 ml of hexane were added and tubes were vigorously shaken for 1 min. The upper hexane layer containing fatty acid methyl esters (FAMEs) was collected, washed with 1 ml of HPLC grade water and dried with 1 g sodium sulfate anhydrous (Na~2~SO~4~). The volume of the extract was then reduced to about 100 μl under N2 gas and samples were transferred to GC vials for further analysis.

FAMEs were analyzed by GC-MS (HP6890, Agilent technologies) equipped with a SP-2560 column (100 m × 0.25 mm ID × 0.2 μm film thickness) (Supelco, Bellefonte, PA, USA) and Detector (MSD HP 6890) as described elsewhere.\[[@ref10]\]

To assess the reproducibility of the erythrocytes fatty acid analysis, the intra-assay coefficient of variation (CVs) was determined by the analysis of 5 aliquots of a pooled blood sample in the same day and was found to be \<5%. The interassay reproducibility was assessed by analysis of 10 aliquots of the same sample on different days spread over 2 months. The interassay imprecision (CV) for all the fatty acids measurement was \<6%, except for EPA which had a CV of 9.3%.

Measurement of desaturases activity {#sec2-5}
-----------------------------------

The activity of desaturase enzymes was estimated from the concentration ratio of the enzyme product to its substrate. Thus, D6D activity was estimated using the ratio of dihomo-gamma-linoleic acid (DGLA, C20:3n-6) to linoleic acid (LA, C18:2n-6), and D5D activity was estimated from the ratio of arachidonic acid (AA, C20:4n-6) to DGLA (C20:3n-6).\[[@ref11]\]

Genotyping {#sec2-6}
----------

In this study, SNP rs174583 that is located in the position chr11:61842278 in the intron region of FADS2 gene, was investigated, based on minor allele frequency obtained from previous studies.\[[@ref12]\] Genomic DNAs was extracted from whole blood using a DNA isolation kit according to the manufacturer protocol (Genet Bio, Korea). SNP rs174583 was genotyped using a polymerase chain reaction-restriction fragment length polymorphism (PCR-RFLP) method previously described.\[[@ref13]\]

Primers of forward and reverse were designed with DNASIS software (version 3, Hitachi Software Engineering, Japan) and their specific binding to the desired area was confirmed using BLAST software ([http://primer BLAST](http://primerBLAST)). The sequences of forward and reverse primers used were respectively as follows: (5\'AGGAAGCAGACCACAGAGTC3\') and (5\'ATCTGGAAGCAGGACACAGC3\').

Using a program at ([http://endonuclease mapper](http://endonucleasemapper)) to find the restriction sites on the sequence of the amplified DNA, TauI was selected as the restriction enzyme since its digestion site could be introduced by mutation at SNP rs174583.

Statistical methods {#sec2-7}
-------------------

Statistical analyses were performed using SPSS (version 20.0, IBM, Armonk, NY, USA). The Kolmogorov-Smirnov test was used to assess normality of the variables. Normal quantitative variables were reported as mean±SD. Non-normal quantitative variables were shown as median and interquartile range. Log transformation was performed on some of the skewed variables before analysis to reach a normal distribution. To compare the parameters including, clinical characteristics, RBCs fatty acid composition, and desaturase activity, student *t*-test and K- independent non- parametric analysis (Mann-Whitney U test) were used for the normal and non-normal distribution, respectively. The Pearson\'s chi-square test was performed for comparing allele frequencies among two groups of control and T2D. Pearson coefficient was used to associate some of normal variables with each other in all subjects. One way ANOVA and Bonferroni correction tests were used to compare the variables between genotypes in each group. *P*\<0.05 was considered as statistically significance.

RESULTS {#sec1-3}
=======

Clinical characteristics, erythrocyte fatty acid composition, desaturase activity {#sec2-8}
---------------------------------------------------------------------------------

Clinical characteristics, erythrocyte fatty acid composition, and desaturase activity of the two groups are presented in [Table 1](#T1){ref-type="table"}. All the characteristics studied, except age and diastolic blood pressure were different between the two groups (*P* \< 0.05). The composition of fatty acids in erythrocytes was different among T2D patients compared to controls, in that, palmitic acid (PA) (C16:0) and dihomo-gamma-linolenic acid (DGLA) (C20:3n-6) were increased (*P* \< 0.001 and *P* = 0.03, respectively), and LA (C18:2n-6) and AA (C20:4n-6) were decreased (*P* \< 0.001 and *P* \< 0.001 respectively), in T2D patients compared to controls. Eicosapentaenoic acid (EPA) (C20:5n-3) was slightly, but nonsignificantly, decreased in T2D patients. There was no differences in the contents of other fatty acids measured (i.e., stearic acid \[SA\] (C18:0), oleic acid (C18:1n-9), and docosahexaenoic acid (DHA) (C22:6n-3) in the two groups \[[Table 1](#T1){ref-type="table"}\].

###### 

Clinical and biochemical characteristics of the study participants

![](JRMS-23-47-g002)

Consequently, D6D activity was increased (*P* \< 0.001) and D5D activity (*P* \< 0.001) was decreased in T2D patients compared to controls \[[Table 1](#T1){ref-type="table"}\].

Correlation between homeostatic model assessment-insulin resistance and body mass index with desaturase activity and erythrocyte fatty acid composition in all subjects {#sec2-9}
-----------------------------------------------------------------------------------------------------------------------------------------------------------------------

HOMA-IR and insulin were significantly higher in T2D patients compared to controls, as expected. Using the Pearson correlation coefficient, in all participants, HOMA-IR had a significant positive correlation with D6D activity (*r* = 0.34, *P* \< 0.001), PA content (*r* = 0.4, *P* \< 0.001), and body mass index (BMI) (*r* = 0.17, *P* = 0.04). Whereas, it was negatively associated with D5D activity (*r* = −0.19, *P* = 0.02) and erythrocytes LA content (*r* = −0.39, *P* \< 0.001). Furthermore, BMI was positively correlated with D6D activity (*r* = 0.27, *P* \< 0.001) and PA (*r* = 0.24, *P* \< 0.001) content and negatively associated with D5D activity (*r* = −0.16, *P* = 0.03) and LA content (*r* = −0.24, *P* \< 0.001) \[[Table 1](#T1){ref-type="table"}\].

Distribution of rs174583 genotypes {#sec2-10}
----------------------------------

The observed genotypes of rs174583 polymorphism included C/T, C/C, and T/T. No significant difference between frequency distributions of each genotype in the control and T2D groups was observed (*P* = 0.63). Highest and lowest percentage of genotypes frequencies were for CT with 81.6%, CC 5.8%, and TT with 12.6% in total participants \[[Table 2](#T2){ref-type="table"}\].

###### 

Genotypic frequency of "rs 174583" in type II diabetes patients and control group
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The effect of rs174583 genotypes on plasma lipids, erythrocyte fatty acid composition, and desaturase activity {#sec2-11}
--------------------------------------------------------------------------------------------------------------

No significant difference was observed in plasma lipid levels (i.e. TC, HDL-C, and LDL-C), with the exception of TG, between different genotypes in each group. In T2D patients, TG was significantly higher in TT genotype (minor allele homozygote), and lower in CC (major allele homozygote) compared to CT groups. In control group, HOMA-IR was higher in TT genotype and lower in CC compared to CT, although the difference was not statistically significant. DGLA was significantly higher in TT group and lower in CC compared to CT in both T2D patients and control group. AA was significantly lower in TT genotype and higher in CC compared to CT in both the study groups. DHA was also lower in TT genotype and higher in CC compared to CT in both the study groups. Although, the difference was statistically significant only between TT and CC genotypes in T2D patients. D5D activity was significantly lower in TT genotype and higher in CC compared to CT in both study groups, whereas, D6D activity was higher in TT group and lower in CC compared to CT in both the study groups. Although the difference was statistically significant only in control group \[[Table 3](#T3){ref-type="table"}\].

###### 

The relationship between fatty acid desaturase 2 rs174583 genotypes and biochemical parameters
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DISCUSSION {#sec1-4}
==========

In the present study, the association of FADS2 gene rs174583 SNP with erythrocytes fatty acids composition and serum lipids profile was investigated in male T2DM patients and controls. There seems to be sex and gender differences in risk, pathophysiology, and complications of T2DM attributable to biological, lifestyle, and psychosocial factors. To eliminate these compounding effects, only male participants were investigated in the study.

The D5D and D6D are key enzymes involved in the metabolism of PUFAs. In this study, we investigated the associations of erythrocytes fatty acid composition and activities of D5D and D6D, with T2D risk to determine if rs174583 polymorphism of FADS2 gene had any effect on these associations.

The findings of this study showed that control group had higher levels of erythrocytes n-6 PUFA, AA, LA, and D5D activity compared to T2D patients. Conversely, T2D patients had higher levels of erythrocytes DGLA and D6D activity compared to controls. These findings are consistent with a recent paper by Yary *et al*.\[[@ref14]\] who reported that higher serum total n-6 PUFA, LA, and AA levels and D5D activity were associated with a lower risk of incident T2D, and higher GLA and DGLA levels and D6D activity were associated with a higher risk.

Other prospective studies that investigated desaturase activity estimated from fatty acid profile in blood also reported a clear direct relation of D6D activity and a strong inverse relation of D5D activity with T2D incidence.\[[@ref15]\] D6D activity is increased by insulin and the DGLA concentration is regulated by D6D activity.\[[@ref16]\] Hyperinsulinemia may increase the expression of D6D leading to increased DGLA concentration in T2D patients. Therefore, factors affecting the activity of these desaturases are may have public health implications.

PA was significantly higher in our T2D patients (*P* \< 0.001) which in is in line with several previous studies demonstrating its relationship with insulin resistance and T2D development.\[[@ref17]\] We observed that PA had a positive strong correlation with HOMA-IR. The exact mechanism of induced insulin resistance by PA is still unknown, but it seems that it acts through inhibition of insulin receptor substrate and kinase cascade.\[[@ref18]\] Furthermore, PA was directly correlated with BMI. Studies in mice have shown that PA-rich diets may lead to alteration in the gut macrobiotic and stimulation of weight gain relative to nonsaturated fatty acids.\[[@ref19]\]

In addition, LA content was significantly lower in our T2D patients compared with control group, and there was a clear negative association with HOMA-IR and BMI. Recently,

Fujii *et al*. reported that low levels of plasma LA were associated with an increase in visceral fat, FPG, HbA1c, systolic BP, and HOMA-IR in Japanese participants.\[[@ref20]\] This is presumably because that the increase in adipose tissue mass leads to induced insulin resistance and impaired glucose and lipid metabolism and that has a significant role in predisposing individuals to T2D.\[[@ref21]\] It may be relevant to note that several studies have demonstrated that a lower serum LA and increased PA and DGLA levels and increased D6D activity can increase the risk of cardiovascular diseases.\[[@ref22][@ref23][@ref24][@ref25]\]

Several studies have shown that T2D is associated with disturbances in plasma lipids and lipoproteins metabolisms such as TG, TC, HDL-C, and LDL-C.\[[@ref26]\] In our study, T2D patients had decreased levels of TC and LDL-C in comparison to the control group. The main reason for this is the use of cholesterol-lowering drugs in these participants. These drugs are competitive inhibitors of HMG-COA reductase, inhibiting the endogenous pathway of cholesterol synthesis, and finally reducing the serum cholesterol.

In this study, we observed that participants with increased BMI had higher estimated D6D and lower D5D activities. Furthermore, HOMA-IR was correlated positively with D6D and negatively with D5D activities. Warensjö *et al*. reported that obesity was directly correlated to D6D and inversely associated with D5D activities.\[[@ref27]\] Other studies have also reported increased activities of D6D associated with obesity, diabetes, and metabolic syndrome in adult.\[[@ref28][@ref29]\] Choi *et al*. also found that D6D activity had a positive correlation with HOMA-IR. They concluded that increase in DGLA and D6D leads to lower expression in D5D and the development of insulin resistance in obese individuals and predispose them to the metabolic disease.\[[@ref28]\] Similarly, Murff and Edwards reported that D5D and D6D activities have a potential correlation with insulin resistance and T2D; D5D activity with a lower risk and D6D activity with a higher risk of incident T2D.\[[@ref30]\]

Sone *et al*.\[[@ref31]\] in Japan have investigated the association between a number of variants of D5D and D6D gene FAD1 and FAD2 including rs174583 and fatty acid composition and found no correlation between erythrocytes fatty acids composition and D5D and D6D activities between the three genotypes in controls. However, they reported higher levels of TG in TT genotypes and lower levels in CC compared to CT group. In contrast, Schaeffer *et al*.\[[@ref32]\] in Germany showed a strong association between fatty acid composition of serum phospholipids and the FADS1 FADS2 gene clusters. They showed that individuals carrying the minor T alleles have increased levels of the fatty acids LA, DGLA, and α-LA and decreased levels of GLA, AA, and EPA, a finding similar to the present study.

We carried out genotyping of SNP rs174583 of FADS2 gene cluster by PCR-RFLP method for 190 participants. From the data presented here, it seems that persons with TT genotype have higher levels of plasma TG, higher content of erythrocytes LA and DGLA and D6D activity, and lower content of AA and DHA and D5D activity.

CONCLUSIONS {#sec1-5}
===========

There was a strong association in the erythrocytes fatty acid composition, D5D and D6D activities and other metabolic risk factors between non-T2D and T2D patients in the population studied. Furthermore, there was a strong association in erythrocytes DGLA and AA contents and D5D activities between rs174583 genotypes in all participants. However, the distribution of rs174583 genotypes did not differ significantly between T2D patient and controls, and it does not appear that having the minor TT genotype alone would significantly increase the risk of incidence T2D, as suggested by some studies.
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